A series of 507 patients who underwent Starr-Edwards aortic valve replacement is reported. Four hundred fifty-five of these patients were adequately followed an average of 36 months. Of this number, 339 patients (75%) are alive, and 116 (25%) have died. There was an operative mortality of 10.8% and a late mortality of 13.4%. Patients with mixed aortic stenosis and regurgitation had a significantly lower cumulative mortality than patients with pure stenosis or regurgitation. Complications related to the valvular prosthesis itself were frequent. Although the great majority were minor, prosthetic complications caused a significant number of deaths and considerable morbidity. Myocardial disease was the other signfficant limiting factor in survival. Preoperative cardiac index and functional classification were valuable in predicting long-term survival, but age at time of surgery and type of preoperative symptoms were of lesser prognostic value.
valve replacement have appeared in recent years.' 17 In addition to the now well-known long-term complications of embolization, paravalvular leak, ball variance, a'1 prosthetic infection, most well-studied series have included a high percentage of other sequelae, notably myocardial infarction and sudden, unexplained death. The present review was undertaken both to reexamine the incidence of complications and to examine more closely groups at high risk for suboptimal early and late results.
Methods and Materials

Patients
Between May, 1963, and January, 1969, 507 patients underwent aortic valve replacement at the Massachusetts General Hospital. All patients had significant aortic valve disease as their primary problem. Adequate follow-up for the purpose of this report was available on 455 (90%). Of this group, 310 were men and 145 were women. One hundred ninety-two had "pure" aortic stenosis, 97 had "pure" aortic regurgitation, and 166 had mixed aortic lesions. Two hundred eighty-nine patients underwent preoperative cardiac catheterization. In the remaining 166 patients the clinical diagnosis was clear without catheterization and was confirmed at operation. Thirty-two patients had closed mitral commissurotomy perfonned at the time of aortic valve replacement, and one had an open mitral valvuloplasty. No double valve replacements were included, but six of the patients have had a subsequent mitral procedure. (Two have had repeat commissurotomies after an initial commissurotomy at the time of aortic replacement, two with an initial commissurotomy have returned for mitral replacement, and two who had no initial mitral surgery have had subsequent mitral replacement.) The patients with mitral valvular disease were evenly distributed among the groups of patients as regards aortic lesion, functional classification, and cardiac index. Thirty-four patients had open aortic valvuloplasties 23 to 156 months prior to aortic valve replacement. Patients with previous aortic replacements done elsewhere were excluded.
Follow-up
Information was based on written communication with the patient, his local physician, the consulting cardiologist, the operating surgeon, or a combination thereof. All information was current as of January 1, 1970, with a minimum follow-up of 12 months. The average follow-up for survivors was 36 months. The data were recorded on punch cards and were tabulated with the aid of a computer.
Definitions
"Pure" Aortic Stenosis. This group includes all patients with classic physical, and/or catheterization, and operative findings of significant aortic stenosis in whom more than trivial aortic regurgitation was excluded by angiography or at operation.
"Pure" Aortic Regurgitation. This group includes patients with classic physical, and/or angiographic, and operative findings of severe aortic regurgitation in whom the peak aortic valvular gradient was less than 20 mm Hg at catheterization and/or in whom the absence of significant stenosis was corroborated at surgery.
Mixed Aortic Lesions. This group includes all patients with significant combined aortic stenosis and regurgitation. This classification was determined by catheterization, if performed, and by the operative findings. Table 2 segregates patients by hemodynamic lesion. It can be seen that the cumulative mortality figures for patients with pure stenosis and pure regurgitation are similar despite a 10-year difference in the mean age of the groups. Distribution of patients according to aortic hemodynamic lesion was comparable in all years of the study. The lower cumulative mortality of patients with mixed aortic disease is striking and will be a recurring theme in all results in this series.
Results
Survival by Year of Operation
Further subdivision of patients by age group in decades and hemodynamic lesion shows that patients in their 50's and 60's with pure aortic stenosis suggestively stand out as having a relatively high cumulative risk. This age group also stands out as a larger Circulation, Volume XLIV, July 1971 contributor to deaths in patients with mixed aortic disease. Increasing age is a significant contributor to cumulative mortality in all groups, however (P < 0.05). This seems to be due predominantly to differences in the percentage of late deaths, as age could not be shown to have a significant effect on hospital mortality. Table 3 segregates patients by etiology of their lesion. A relatively high risk for patients with rheumatic pure aortic stenosis is suggested but is, by itself, not statistically significant. The lower risk of patients with degenerative stenosist8 is surprising, although this classification undoubtedly includes some patients with calcffied valves of both rheumatic and congenital etiology which could not be pathologically recognized. The generally lower cumulative mortality of patients with mixed disease is again noted. The high risk groups of patients with aortic regurgitation have been clearly identified and consist of patients with endocarditis (acute, subacute, or healed) and "other" etiologies. The latter group consists mainly of patients with generalized connective tissue disease and diseases of the aortic root. If the above two high risk groups are eliminated from the statistics, the cumulative mortality of patients with pure regurgitation and those with mixed disease is similar. The difference in the cumulative mortality between patients with mixed disease and stenosis or regurgitation is significant (P 0.02). Most strildng, however, is the significantly lower mortality of patients with rheumatic mixed disease and regurgitation versus rheumatic stenosis (P <0.01). Table 4 illustrates the relative importance of preoperative symptoms in assessment of longterm results. Suggested correlations include: (a) patients who have heart failure associated with pure aortic stenosis, either as a sole symptom or in combination with angina, appear to be at a relatively higher risk than the group as a whole; (b) patients with failure as the sole symptom of aortic regurgitation (the bulk of patients with this lesion) are suggestively at a relatively high risk; (c) patients who have syncope associated with aortic stenosis are suggestively at a relatively lower risk; and (d) patients with mixed lesions are at a comparatively lower risk in all categories containing sufficient numbers to be significant. Apart from (d), however, these suggestive trends cannot be documented as statistically significant.
Survival by Etiology of Aortic Lesion
Survival of Patients by Preoperative Symptoms
Survival by Preoperative Cardiac Classification
Survival was correlated with preoperative New York Heart Association functional classification. This classification was often not recorded as such in the hospital chart, and classification was done by one of us (F. S.) based on interpretation of the recorded history and physical findings. Patients in class 2 were predominantly those who had alarming presymptomatic increases in cardiac size by Xray. Cumulative mortality was 10%, 23%, and 40% for classes 2, 3, and 4, respectively. Again there was a significantly lower mortality for patients with mixed aortic disease in each functional group. The statistics for the class 4 cardiac patients speak for themselves and reemphasize the risk of unduly delaying surgical referral. Survival by Preoperative Cardiac Index Table 5 illustrates survival of the 289 patients for whom a preoperative cardiac index was available. As expected, patients with low indices do less well.
Major Long-term Complications
There were 90 patients (19.8% of followed patients) with a paravalvular leak. Fifty had a diastolic murmur only and were doing well. Twenty-seven patients had clinically recognizable hemolysis requiring hematinic substitution therapy but were also doing well, and 13 (2.85% of the followed patients) had hemodynamically significant aortic regurgitation. Of the latter group, eight have undergone reoperation, with three late deaths after reparative Circulation, Volume XLIV, July 1971 Anticoagulant complications occurred in 83 patients (18.4% of followed patients) and although frequent, were usually minor. Twenty-two patients were taken off anticoagulants because of a serious complication or unreliability of the patient. Two of these died with totally thrombosed prostheses, and four had cerebral emboli, two of which were fatal. The most frequent sites of bleeding were the gastrointestinal tract and urinary system (22 and 15 patients, respectively). There were three anticoagulant deaths, all due to cerebral hemorrhage.
Forty-five patients (9.9% of followed patients) suffered postoperative emboli; 16 of these had rheumatic heart disease with some degree of mitral involvement. Systemic emboli were primarily cerebral (65% of the emboli recorded). In the present series, the risk of embolization was: (a) for "pre-1000" and "1000, series valves, one embolus per 12.3 patient years; (b) for series "1200" valves, one per 31.6 patient years; and (c) for the series "2300" valve, no emboli to date with a maximum follow-up of 24 months. There were 10 deaths clearly caused by emboli. All but two of these patients were on anticoagulants Causes of late deaths in this series encompassed a wide spectrum. As in other series, 8, 17, 20 the number of sudden deaths and deaths due to persistent congestive heart failure and myocardial infarction was relatively high. Twelve patients died suddenly, and eight died in unremitting congestive failure. Myocardial infarction was common in the series as a whole. Twenty-one patients suffered an infarction intraoperatively or immediately postoperatively, with 16 deaths. Nineteen patients have suffered late myocardial infarctions with 11 deaths. Of patients who died suddenly, autopsies were conducted on approximately one-third. In this regard, no statement is possible relative to the cause of two-thirds of the late deaths. It is recognized that ball variance, myocardial infarction, emboli, arrhythmias, or other factors may have played a more prominent role in this group than the available material indicates. All patients who died suddenly and in whom an autopsy was done had coronary artery disease, but none had fresh infarction. The prevalence of coronary disease in this group agrees with the findings of Roberts and Morrow.21
Heart Block
Of twelve patients who developed heart block related to surgery, 10 had complete resolution of block in the immediate postoperative period. Two patients with heart block prior to surgery had persistent heart block postoperatively. The four patients with persistent heart block are doing well with permanent pacemakers. The patients with persistent surgically related heart block had severe calcific disease with spread of calcification into the upper septum. There was no early mortality associated with heart block in this series, as has been reported by Gannon et al.20
Emergencies
Nineteen of the class 4 patients in the series were operated upon within 24 hr of their arrival in the hospital, or as a lifesaving measure for a precipitous decline while in the hospital awaiting surgery. These cases have recently been reviewed by Hutter et al.22
Neurologic Complications
Neurologic deficits have contributed significantly to hospital deaths and deaths in the first few months following surgery. Postoperative coma has been the major indication for tracheostomy in recent years, as patients requiring long-term ventilation for postoperative respiratory complications who are neurologically intact have become rare. Twenty-four patients had severe intraoperative neurologic damage, and 12 patients of this group died in the hospital or in extended care facilities. The incidence of minor neurologic complications associated with the operative procedure was not studied.
Discussion
The results reported in this study indicate that complications related to the prosthetic valve and myocardial disease are the most important factors affecting long-term survival. The 13.4% incidence of late deaths noted in this series is considerable. It must be remembered that the frequency of emboli and ball Circulation, Volume XLIV, July 1971 variance has lessened considerably with improvements in the valve design. The model 1000 was inserted from 1963 to April of 1966, when the model 1200 was introduced. The more than two fold decrease in emboli between model 1000 and model 1200 valves reported in this study, however, can be attributed to fewer patient years of observation for the 1200 series and more adequate anticoagulation in recent years, as well as to prosthetic design changes. Comparison of the 10% incidence of systemic emboli reported above with the 25% figure for aortic prostheses previously reported from this hospital by Akbarian et al.23 provides further evidence that this complication is becoming less frequent. The model 2300 (totally cloth-covered) valve was used in this hospital in late 1967 and early 1968, but was largely abandoned because of the reported high transprosthetic gradients.24 No patient with a model 2300 valve in our series has yet had a systemic embolus. The newer cloth-covered prosthesis (such as model 2320) was not used during the period of this study, but its features of low transprosthetic gradient plus lessened embolic potential seem promising.
The relatively high incidence of anticoagulation complications in this series is noteworthy. Ball variance was noted in a relatively small number of cases. Endocarditis was uncommon, but when it occurred there was a high mortality.
The 19.8% incidence of paravalvular leak in this series is higher than that previously reported from this hospital by Kastor et al.,25 but the percentages of hemodynamically or hematologically significant leaks in the two series are similarly small.
Although the incidence of coronary disease in patients with aortic valve disease has been previously shown to be no higher than that of age-matched controls,26 its contribution to hospital and late deaths is considerable.27 The relative contribution of coronary or rheumatic disease to myocardial fibrosis secondary to long-standing ventricular "strain" is an unknown quantity and may be a major factor affecting survival. What is not completely Circulation, Volume XLIV, July 1971 clear is why patients with a pure afterload stress (aortic stenosis) should fare considerably worse than those with mixed disease or those with a pure preload stress (aortic regurgitation of rheumatic etiology). The temporal response of the myocardium to the sudden removal of a chronic afterload stress has not been studied experimentally to date. Persistent discrepancies between myocardial mass and available oxygen may be the cause of late power failure and arrhythmias. Improvement in the rational timing of surgery in all patients awaits adequate methods of recognizing a myocardium that is approaching the point of no return. As reported above, patients who have reached functional class 4 and patients with a cardiac index under 2 liters/min/m2 are at high risk.
The increased use of preoperative coronary arteriography, with subsequent direct coronary revascularization at the time of valvular surgery, may lengthen survival in selected patients. While invasive assessment of myocardial function by hemodynamic and/or angiographic techniques may permit a more accurate preoperative determination of prognosis in individual patients, it is clear that reliable, noninvasive methods of myocardial evaluation suitable for office use would be extremely valuable.
The operative mortality of 10.8% herein reported includes the high mortality early in the series as well as a generally improving mortality in recent years. This trend has continued since the completion of this study. 
